ABSTRACT
INTRODUCTION
Abandoned grasslands often become widely established after deforestation in Southeast Asia (e.g., Kuusipalo et al.
). In these grasslands, restoring the forest ecosystem represents a crucial ecological, silvicultural, and socioeconomic challenge: the forests supply forest products, but also improve the conservation of water and In this study, we evaluated how production structure and aboveground net primary production (ANPP) differ among plantations of exotic and indigenous species, secondar y forest, and natural forests in the Sakaerat area. We also studied the biomass of these forests and grasslands. Our goal was to elucidate the capability of plantations to rehabilitate degraded tropical lands in terms of productivity and carbon storage.
MATERIALS AND METHODS

Study area and stands
The research stands are located at the Royal Forest The research stands all grow at an altitude of around m.
In the s, the research sites were covered with seasonal dr y evergreen forest. However, shifting cultivation followed by logging led to the conversion of these natural forests into grassland across much of the area. Subsequent reforestation efforts from the s led to the establishment of large areas dominated by monospecific plantations. At present, plantations of exotic species such as Acacia, Eucalyptus, and Lucaena occur, along with some small plantations of indigenous species.
Near the reforested areas, some secondary forests and grasslands remain.
We selected six plantations, a secondary forest and two types of grasslands located on a terrace on a relatively flat sandstone plateau. The plantations we studied featured three exotic tree species (Acacia mangium 
Estimation of aboveground net primar y production (ANPP)
ANPP (P n ) was estimated on the basis of the summation and har vest methods with Equation (Kira & Shidei, , Newbould, ) in the plantations and dr y evergreen forests.
Where ∆y, L, and G respectively denote the increase in biomass on a per-unit area basis (t ha − yr − ), the loss due to the death of plants and plant parts, and the loss due to animal grazing and the activity of other heterotrophic organisms for a specified period. In the present study, we assumed that G would be very small (Kira, ) so did not measure it. We estimated ∆ y by calculating the difference in biomass between May and May , and between May and May .
L equaled the sum of losses due to death and shedding (i.e., the sum of the biomass of dead trees plus litterfall)
between the corresponding period of ∆ y (May, and
May, , and between May, and May, ). Table 2 . Allometric coefficients (a ) and constants (h ) obtained by destructive sampling of the study stands. 
��������������
RESULTS
Stand characteristics
The mean values of DBH and height were compared among the study stands (Table ) . Mean DBH and height tended to be greater for the exotic species stand than for the indigenous species stands. The largest was A.
mangium, while the smallest was P. macrocarpus. Mean DBH and height were similar for the secondar y dr y evergreen forest and the indigenous species stand. The basal area was also larger for exotic species stand than the indigenous species stand, whereas the basal area of the secondary dry evergreen forest was as large as the A.
auriculiformis stand, which had the second largest basal area among the planted forests (Table ) .
The size str uctur e of the stands, expr essed in terms of the DBH distribution, dif fered greatly between the plantations and the secondary forest ( Fig.   ) . Plantations showed an approximately bell-shaped distribution. In contrast, the secondar y forest showed Table 3 . Biomass component and total biomass in the study stands (December 1998). Table 4 . Biomass increment, litterfall and aboveground net primar y production (ANPP) in the study stands.
Biomass and dry matter production in planted forests and an adjacent secondary forest in the grassland area of Sakaerat, northeastern Thailand a reverse-J distribution, with a wider range of DBH and larger individual trees than in plantations of exotic and indigenous species. The number of large trees, such as greater than cm in DBH, accounts for % in natural forest, while no trees exceeded cm in DBH except for the A. mangium stand (Fig. ) . (Table ) .
Biomass component and total biomass
Relationship of ANPP to growth traits
ANPP was expressed in the context of leaf biomass and leaf production efficiency, which represents the ANPP per unit of leaf biomass (Tadaki, ; Reich et al. ), as follows.
Relationship between ANPP and leaf production ef ficiency based on leaf biomass in the study stands over one year within the two-year study period. Fig. 3 . Relationship between ANPP and leaf biomass in the study stands over one year within the two-year study period. Fig. 4 . Relationship between ANPP and leaf production efficiency based on annual leaf litterfall in the study stands over one year within the two-year study period.
Relationship between ANPP and annual leaf litterfall in the study stands over one year within the two-year study period. 
Thus we can examine the ANPP in relation to leaf biomass and leaf production efficiency among the study stands.
Leaf production efficiency appeared to be associated with ANPP (Fig. ) . ANPP tended to increase with variations as leaf production ef ficiency increased in the study stands. Greater leaf production ef ficiency with larger ANPP was attained in exotic species than in indigenous species and secondary dry evergreen forest.
On the other hand, leaf biomass appeared not to affect the ANPP among the exotic species and the indigenous species except A. auriculiformis ( Fig. ) . Thus, leaf biomass was not responsible for the higher ANPP in the exotic species than the indigenous species except A.
auriculiformis in this analysis.
However, leaf biomass tended to change in monsoon tropical areas, including our research site, throughout the year. A typical case was P. macrocarpus in the study stands. Moreover, the annual leaf litter fall, which would be equivalent to the total amount of leaves produced in a year, was greater than or similar to the leaf biomass (Tables and ), unlike there was no dif ference in leaf production ef ficiency among the exotic species, the indigenous species and the secondar y dr y evergreen forest (Fig. ) . In this case, ANPP was associated with the annual amount of leaves produced (Fig. ) . The ANPP tended to increase as annual leaf production increased in the study stands.
Greater ANPP with larger annual leaf production was attained in the exotic species than in indigenous species and secondary dry evergreen forest.
These analyses showed that the annual amount of leaf production, rather than leaf biomass, af fects the ANPP among the study stands, whereas leaf production efficiency does not affect the ANPP. With this connection in mind, we examined the ANPP in the context of leaf lifetime, which is estimated from leaf biomass divided by the annual leaf litter fall (annual amount of leaf production) (Leigh, ).
The leaf lifetime of the exotic species appeared to be shor ter (approx. to months) than that of the indigenous species and secondary dry evergreen forest (approx. to months) within almost the same range of leaf biomass of the exotic species, and indigenous species and dr y evergreen forest (Fig. ) . The shorter leaf lifetime of the exotic species when compared to the indigenous species and dr y evergreen forest appeared attributable to the larger ANPP in the exotic species than the indigenous species and the secondary dry evergreen forest ( Fig. ) .
DISCUSSION B i o m a s s a n d c a r b o n a c c u m u l a t i o n a f t e r reforestation in grasslands
In discussions of the issue of global warming due to increases in atmospheric concentrations of CO , much attention has been paid to the ability of tropical forest ecosystems to store carbon (Brown, ). In the Sakaerat area, our study showed that reforestation of I. cylindrica and S. spontanum grasslands enhanced aboveground carbon storage by a factor of to in plantations of exotic species and to in plantations of indigenous species in -year-old stands (Table. ). macrocarpus might be in part associated with the wider spacing of the trees (Table ) .
Biomass incr eases in abandoned grasslands
These results suggest the superiority of artificial reforestation with exotic species (especially the two Acacia species) and indigenous species such as D.
cochinchinensis and X. xylocarpa var. kerrii over natural secondary vegetation for enhancing the biomass recovery of grassland in Sakaerat. They may depend on the fact that we studied first-rotation stands growing on the I. cylindrica grassland that replaced the original forests and may thus indicate productive soil conditions (Bruenig, ) . The sustainability of the observed high production beyond the first rotation (Evans and Wood, ) must be monitored.
Biomass of aboveground and belowground
In the comparison of biomass accumulation for the aboveground par t with roots, the two Acacia species accumulated biomass in a larger proportion aboveground than for the roots (T/R ratios: -) compared with other species. The soil conditions, which affect root biomass (Jordan, ), did not appear to differ among the stands we studied, according to the soil survey conducted before planting (Yoshioka, ). Thus, it seems that the T/R ratios were specific to each species at the research site. It appears, therefore, that the two exotic -yearold Acacia species stored more carbon than a secondary dr y evergreen forest, which has been subject to past human influence, and a comparable amount of carbon to the dry evergreen forest, without apparent disturbance in the same area ( Fig. ) .
-year-old E. camaldulensis
and indigenous species such as D. cochinchinensis and X. xylocarpa var. kerrii would store comparable carbon to disturbed dry evergreen forest and less carbon than undisturbed dry evergreen forest (Fig. ) .
However, the superiority of the two Acacia stands over the secondar y dr y evergreen forest for carbon fixation was based on the biomass, not necessarily on the individual quantity of trees. For example, the canopy trees in the secondary dry evergreen forest were around three times larger than those in the two Acacia stands (Fig.   ) . This showed greater carbon accumulation of canopy trees in the secondary dry evergreen forest than in the two Acacia stands. Attention should therefore be paid to determining the optimal silvicultural treatments for the conservation of dry evergreen forest in the Sakaerat area.
High biomass production of the two Acacia stands was attained in the first years after planting. It appears that, although they grow rapidly at first, tropical fastgrowing tree species later show a rapidly decelerating growth rate (e.g., Kawahara et al. ; Kamo and Jamalung, ). Thus, the high carbon fixation rate seen in fast-growing Acacia stands does not appear to last long.
ANPP among exotic stands, indigenous stands, and natural forest
The rapid biomass accumulation exhibited by the exotic species compared with the indigenous species and dry evergreen forest in this study was attained as a result of their higher ANPP. This was especially true for the two Acacia stands ( 
Growth traits affecting ANPP among exotic stands, indigenous stands, and natural forest
We found that the high ANPP in the plantations of exotic species compared with the plantations of indigenous species, and the secondar y dr y evergreen forest were associated with a higher annual amount of leaf production ( Fig. ) and shor ter leaf lifetime (Fig. ) among the study stands (Fig. ) . This may be due to the fact that the photosynthetic rate increases as the leaf lifetime declines (e.g., Chabot and Hicks, ; Reich et al. 
